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Abstract 
The term scour in this dissertation refers to a general lowering of the of the natural stream 
bed level caused by erosion.  Local scour is the direct result of an interferance in the flow 
of water caused by a structure such as a bridge pier and is characterised by the formation of 
scour holes around the perimeter of the bridge pier.  Local scour has the potential to 
threaten the structural integrity of bridge pier foundations. 
Local scour testing under Clearwater conditions of a circular, straight aerofoil, and skirted 
aerofoil model bridge pier in a non uniform erodible cohesionless bedding material was  
investigated experimentally in a large flume.  The aim of the research was to examine and 
evaluate the comparative performance of the scouring and sediment transport potential for 
the three different shaped scaled model bridge piers. 
Performance of the three scaled model bridge piers was assessed by measuring dimensions 
and volumes of the scour holes with a laser scanner and velocities with an acoustic doppler 
velocimeter.  Scour dimensions and volumes were measured within the volumetric area of 
the cohesionless bedding material. 
Results from experimental field testing show that scour hole volumes as a percentage of the 
circular pier scour hole volume were 74% for the straight aerofoil pier and 60% for the 
skirted aerofoil pier.  Further, scour hole depth measured at the upstream face for the 
skirted aerofoil pier was 73% of the circular pier scour hole depth.  
Velocity plots 800mm downstream from the circular pier demonstrate that eddies were still 
present within the flow for the circular pier.  For the straight and skirted aerofoil piers, 
velocity plots demonstrate eddies were significantly reduced within the flow at the same 
location. 
Results demonstrate that symmetrical aerofoil shaped piers are an effective countermeasure 
in the reduction of local scour hole volume.  The skirt on the aerofoil shaped pier is an 
effective countermeasure in the reduction of local scour depth. 
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A  Cross sectional area       m
2
 
    Bridge pier diameter       m 
     Bridge per width       m 
   Particle diameter       mm 
     Median size of sediment particle by mass       
     Sediment particle size for which 84% are finer by mass     
dm   Effective mean diameter of bed material                 mm 
        Scour depth         m 
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    Froude number                     
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   Coefficient of the ratio of the bottom width of the scour hole  
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1. Introduction 
1.1 Outline 
Scour holes created by the flow of water past bridge piers are a major cause of failure of 
bridge pier foundations (Chiew 1984).  Scouring is due to a complex process of boundary 
separation on the upstream side of the pier and vortex shedding downstream of the pier.  
This dissertation examines the scouring and sediment behaviour of two symmetrical 
aerofoil shaped and one circular shaped scaled model bridge piers.  
1.2 Background 
Scour is the terminology used to describe the lowering by erosion of a channel bed below a 
natural level tending to expose or undermine foundations that would otherwise remain 
buried (Roads and Transport Association of Canada 1973).  Because the openings of a 
bridge are less than the full width of the river, the water accelerates as it approaches and 
passes through the waterway.  Consequently, the velocity is higher than it would otherwise 
be, and this can cause scouring and undermining of the foundations of the bridge.  Scour is 
a serious problem in bridge piers.  Increases in river and stream flows that result in scouring 
are the principal cause of bridge failures (Hamill 1999).  The ability to protect bridge piers 
from scouring is critical to bridge safety.  Excessive scour can cause high maintenance 
costs or even bridge collapse.  Bridge collapse results in costly repairs, disruption of traffic, 
and possible death of passengers travelling on the bridge when the collapse occurs 
(Barkdoll et al. 2007). 
The mechanism has the potential to threaten the structural integrity of bridges and hydraulic 
structures, ultimately causing failure when the foundation of the structure is undermined 
(Masjedi et al. 2010).  Lagasse and Richardson (2001) stated that in the United States, 
general and local scour are the major cause of hydraulic factors such as stream instability, 
long term streambed degradation, while general scour, local scour, and lateral migration 
were responsible for 60% of all U.S. highway bridge failures. 
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It has been long established that the basic mechanism causing local scour at bridge piers is 
the down flow at the upstream face of the pier and subsequent formation of vortices at the 
base (Muzzammil et al. 2004). 
There are many parameters that affect the flow pattern and the process of scour around 
bridge piers.  These include the size, cohesion, and grading of the bed material, depth of 
flow, size and shape of the bridge pier, flow constriction, flow velocity, and geometry of 
the bed.  Other factors that influence scour that are the result of significant flood events 
include floating debris and accumulation and build up of debris.  
1.3 Aim 
This research examines the scouring and sediment transport for three different shaped 
scaled model bridge piers in a non uniform cohesionless bedding material within a large 
flume.   Through the various experiments and research conducted, the reader will be able to 
assess scour, erosion, and sediment transport potential through an improved understanding 
for the three different shaped bridge piers.   
1.4 Objectives 
Objectives of this research and field experimental testing were to investigate and compare 
scour volumes, scour dimensions, sediment transport, and velocities at critical points of the 
two symmetrical aerofoil and one circular shaped scaled model bridge piers in a 
cohesionless bedding material under local clear water scour conditions.  Further, scour 
dimensions of the three model piers were assessed against theoretical equations.  Equations 
for scour depth and width were based on those recommended by the National Association 
of Road Transport and Traffic Authorities Austroads.  Field experimental testing was 
carried out in a turbulent flow, in an erodible bed in a large flume. 
The cohesionless bedding material was placed in an excavated section within the large 
flume.  The finished surface of the bedding material was at the same level as the 
surrounding surface of the bed of the flume.  An Acoustic Doppler Velocimeter (ADV) was 
used to measure velocities around the tested piers.  
David Gibson     Page 3 
The field testing and experiments carried out as part of this research were purely a 
comparative exercise.  Field testing was only carried out with the objective of making an 
experimental comparison between different shaped piers and not to replicate any particular 
condition. 
There is a considerable amount of published data and research previously carried out on 
scouring, erosion, vortex shedding, and sediment transport around bridge piers.  This 
research focused on the scouring potential and sediment transport and provides the reader 
with an estimation of scour depth and width for the three model piers within a cohesionless 
bedding material. 
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2. Hydraulics Theory 
2.1 Behaviour of Fluids and Reynolds Number 
The flow of fluids is generally classified as laminar, transitional, or turbulent flow.  
Laminar flow occurs when the fluid flows in discrete layers with no mixing (refer Figure 
2.1a).  Transitional flow occurs when some degree of unsteadiness becomes apparent.  This 
type of flow may comprise of short bursts of turbulence embedded in a laminar flow.  In 
practice, flows which occur most commonly around structures are turbulent.  Turbulent 
flow incorporates an eddying or mixing action.  The motion of a fluid particle within a 
turbulent flow is complex and irregular, involving fluctuations in velocity and direction 
(Chadwick et al. 2004).  These turbulent fluctuations cause an exchange of momentum 
setting up additional shear stresses of large magnitude (Nalluri and Featherstone, 2001).  
 
Figure 2.1  Reynolds’ experiment with injected dye at different discharges (Chadwick et al. 2004) 
Reynolds‟ experiments revealed that the onset of turbulence was a function of fluid 
velocity, viscosity, and a typical dimension.  This led to the formation of the dimensionless 
Reynolds Number     .  Reynolds number represents the ratio of inertia forces to the 
viscous forces that exist in the flow field and is dimensionless.  Turbulent flow occurs 
generally at a particular Reynolds number value.  Typical values for the flow regimes are 
listed below for channels. 
(a) Laminar (b) Transitional 
(c) Turbulent 
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               Laminar flow 
                Turbulent flow (Chadwick et al. 2004) 
Reynolds number (Re) is expressed as: 
                                                      
2.1 
where ρ=density, R= hydraulic radius, V=velocity, and µ=dynamic viscosity of the fluid.  R 
is defined as the hydraulic radius and is equal to the ratio of the area to the wetted 
perimeter. (Chadwick et al. 2004) 
2.2 Froude Number, Subcritical, Critical, and Supercritical Flow 
The Froude number (Fr) is used to define the type of flow in open channels.  Many of the 
momentum and energy equations maybe expressed in terms of their Froude number.  The 
Froude number of the flow in any channel is a function of velocity and depth and is 
expressed as: 
                           
2.2 
Where   equals velocity of flow,   equals acceleration due to gravity, and   is equalled to 
hydraulic mean depth.  For a rectangular channel, the critical velocity is expressed as: 
                                     
2.3 
Where    equals the critical velocity and    equals the critical depth.  For subcritical flow, 
     and      
For Supercritical flow, 
     and      (Chadwick et al. 2004) 
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Any disturbances in the flow are propagated at a velocity,   of: 
     .           2.4 
If the flow is supercritical, any flow disturbance can only travel downstream as the water 
velocity exceeds the wave velocity.  For subcritical flow, waves can propagate both 
upstream and downstream as the water velocity is less than the wave velocity. 
 
Figure 2.2  Flow Regime of a Bridge Pier (Chadwick 2004) 
The Froude number of the downstream control section gives an indication of the ease with 
which water can flow from the constriction.  A low Froude number, 0.2, would indicate a 
slow velocity, deep flow, resulting in a small afflux.  A high Froude number of 0.8 would 
suggest a steep channel with a high velocity, and a relatively large afflux. 
Schlichting (2000) further concluded in his research in flow regimes at circular cylinders 
that for a subcritical flow with a Reynolds number of between                , 
the flow characteristic was laminar with vortex instabilities.  For a critical flow with a 
Reynolds number of between               , the flow characteristic was laminar 
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separation, turbulent reattachment, turbulent separation, and turbulent wake.  For a 
supercritical flow with a Reynolds number of           , the flow characteristic was 
turbulent.  Schlichting further concluded that the three flow regimes occurred within clearly 
defined separation angles (ӨS), Strouhal numbers (St), and drag coefficients (CD).   
  
Figure 2.3  Regimes at a Circular Cylinder for Incompressible flow (Schlichting 2000) 
Table 2.1  Values for Flow Regimes at a Circular Cylinder for Incompressible flow (Schlichting 2000) 
Flow Regime Subcritical Critical Supercritical 
Reynolds Number                                          
Strouhal Number 0.21 No preferred frequency             
Drag Coeficient                      
Separation Angle         
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2.3 Vortices 
The formed vortices will cause significant change in the velocity and momentum of the 
flow.  The change will result in a change in the energy of the flow and can be solved using 
the energy equation.  Specific energy is measured relative to the bed.  Plotting the specific 
energy for a given cross sectional area and depth results in the specific energy curve. 
       
             2.5 
 
Figure 2.4  Specific energy curve (Nalluri and Featherstone 2001) 
From Figure 2.4 above, it is demonstrated that for a given energy level, there are two 
alternative depths possible (Nalluri and Featherstone 2001).  The critical depth (  ) is the 
depth at which the specific energy is at a minimum.  Subcritical flows occur at a depth 
greater than the critical depth. Supercritical flows occur at a depth less than the critical 
depth.  This is clearly demonstrated in Figure 2.2. 
Vortices are formed as a result of boundary layer separation and can be explained using the 
fundamental laws of fluid dynamics (Heron 2007).  A fluid in motion is subject to pressure 
forces, viscous and turbulent shear resistances, boundary resistance, and forces due to 
surface tension and compressibility of the fluid.  The presence of such a complex array of 
forces in real fluid flow problems makes the analysis complicated (Nalluri and Featherstone 
2001).  A simplified approach to the problem is made by assuming that the fluid is ideal i.e. 
non viscous and incompressible.  The equations of fluid dynamics can then be applied. 
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The energy equation for ideal fluids is Bernoulli‟s theorem and assumes that the total 
energy at all points along a steady continuous stream of an incompressible fluid flow is 
constant and expressed as: 
   
  
  
 
  
 
  
    
  
  
 
  
 
  
                          
2.6 
Where z=elevation head, p=pressure, V=average velocity at a point in the flow under 
consideration, and ρ=density of the fluid (Nalluri and Featherstone 2001) 
The momentum equation states that the force is equal to the rate of change of momentum, 
and for any time interval δt: 
Momentum entering ρδQ1δtV1=Momentum leaving ρδQ2δtV2                      
2.7 
Where V=velocity, δt=change in time interval, δQ= the change in momentum between the 
two points under consideration. 
The continuity equation implies that for any control volume the mass flow entering minus 
the mass flow leaving is equal to the change of mass within the volume control (Chadwick 
et al. 2004) 
Mass flow entering=mass flow leaving                         
2.8 
Newton‟s law of viscosity is in the form  
   
  
  
                             
2.9 
Where  τ = shear stress, µ = viscosity, and 
  
  
 = velocity gradient.  This research is based 
only on Newtonian fluids where there is a linear relationship between shear stress and 
velocity gradient (Schlichting 2000). 
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2.3.1 Vortex shedding frequency in the wake of a circular pier 
Vortices are shed in the wake of a circular pier under certain conditions.  The frequency at 
which the vortices are shed is independent of the Reynolds number (Schlichting 2000).  
The area and depth of the scour hole is a function of the vortex shedding frequency.   The 
dimensionless Strouhal number is expressed as: 
                                                                                                                           
2.10 
Where frequency is measured in Hz, D equals diameter of pier, and V equals velocity of 
flow.  Previous experiments have shown that for circular cylinders, 
           
    
  
                                                                                       
2.11 
 
Figure 2.5  Subcritical flow regime in the wake of a circular cylinder (after Mokovin) 
The wake shown in Figure 2.5 is moderately sensitive to stream turbulence and surface 
roughness (Melville 1975).  Maull and Young (1973) concluded that the primary difference 
between a uniform flow and a shear flow is the presence in the shear flow of vorticity 
whose vector is normal to the plane of the flow.  As the shear flow approaches the body this 
vorticity vector is progressively turned until eventually the vorticity near the body is turned 
in the direction of flow.  
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2.3.2 Flow Separation in the Wake of a Circular Pier 
On the upstream side of the pier, flow is directed to the outward extremities of the pier.  
The streamlines converge as the flow is constricted.  Maximum constriction occurs at the Y 
axis centre line.  The boundary layer widens progressively between the upstream face and 
Y axis centre line.  As the flow passes the maximum constriction, the velocity is slowing.  
The velocity in the boundary layer is less than the surrounding stream.  As this stage, 
negative velocities occur within the inner boundary layer.  There is a clear line formed as 
part of this process where the body of flow is separated into negative and positive 
velocities.  The pressure within the inner boundary layer is lower than the surrounding free 
flowing stream.  Flow from the outer boundary high pressure zone is drawn in towards the 
lower pressure zones.  As this occurs, vortices are formed and drawn downstream by the 
flow.  
 
Figure 2.6  Separated Flow in the wake of a circular pier (Chadwick et al. 2004) 
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2.4 Sediment Transport 
2.4.1 Introduction 
Sediment transport occurs only if there is an interface between a moving fluid and an 
erodible boundary.  The boundary of a channel deforms under the action of flowing water 
and the deforming bed with its changing roughness.  A dynamic equilibrium state of the 
boundary may be expected when a steady uniform flow has developed.   
The resulting movement of the bed material in the direction of flow is known as sediment 
transport and a certain critical bed shear stress must be exceeded to start movement of the 
particle.  The critical shear stress is referred to as the incipient motion condition (Nalluri 
and Featherstone 2001). 
2.4.2 Flow Regimes 
Shear stresses above the threshold condition disturb the initial plane boundary of the 
channel and the bed and water surface assume various forms depending on the 
sediment and fluid flow characteristics.  Two distinct regimes of flow may be 
identified with the following bed forms (Nalluri and Featherstone 2001): 
(a) Lower regime:  ripples (for smaller sediment size <0.6mm and low Froude number 
<1), dunes and ripples, dunes with increasing shear (τ0) and Froude number (Fr); 
further increases in τ0 and Fr introduce transition to dunes / plane bed (Fr=1) and 
(b) Upper regime:  flat bed, antidunes, chutes and pools with large shear and Froude 
numbers (>1). 
2.4.3 Incipient Motion 
The American Society of Civil Engineers (ASCE) task committee on Preparations of the 
Sedimentation Manual (1966) defined the incipient motion condition as „When the 
hydrodynamic force acting on a grain of sediment or an aggregate of particles of a cohesive 
sediment has reached a value that, if increased even slightly will put the grain into motion, 
critical or threshold conditions are said to have been reached‟.   
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The forces acting on a non cohesive sediment particle as shown in Figure 2.7 are the 
particle weight   , buoyancy force   , lift force   , drag force   , and resisting force   . 
 
Shields (1936) introduced the concept of the dimensionless particle entrainment function 
(  ) as a function of shear Reynolds number (   ).  Shields diagram has been extensively 
used for determination of incipient conditions for sediment motion.   
Shields (1936) applied dimensional analysis and obtained a parameter which expresses a 
critical ratio of the applied bottom shear stress to the immersed weight of the grains (the 
shields entrainment function) and plotted it as a function of grain Reynolds number 
(Beheshti and Ataie-Ashantiani 2008). 
Shields entrainment function can be expressed as: 
                                                                           2.12 
Where    is the critical bottom shear stress,    and   are the sediment and fluid densities, g 
is the acceleration due to gravity, d is the particle diameter. 
 
Figure 2.7  Forces acting on a non cohesive sediment particle (Julien 1998) 
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Grain Reynolds number is defined as: 
                                                                       
2.13 
Where     represents the critical shear velocity, and   is the kinematic viscosity of the 
fluid. 
 
Figure 2.8  Shields diagram (Annandale 2007) 
The horizontally oriented curve on the diagram is the threshold line representing incipient 
conditions for sediment motion.  The line indicates that the critical dimensionless shear 
stress for low particle Reynolds numbers (laminar flow over the particles) is high and that it 
decreases to a minimum of 0.037 when the Reynolds number ranges between 7 and 30 
(smooth turbulent flow over the particles).  Thereafter, as the particle Reynolds number 
increases and the flow over the particles becomes rough turbulent the threshold value 
converges to a constant value of 0.047 (Gessler 1970). 
Local scour can occur under clear water or live bed conditions.  As the maximum scour 
depth and duration differ for the two local scour conditions, the movement condition of the 
bed material in terms of the Shields parameter is important.  The Shields parameter    can 
be used to demonstrate that the flow condition is clear water scour          or live bed 
scour           
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An equation given by Neill (1968) predicts the critical mean velocity (  ) of a flow that 
will transport bed material of size     (m) and smaller, as: 
                   
    
 
   
 
 
                         
2.14 
Where   =specific gravity of sediment particles, y=flow depth (m) and    =median size of 
bed material (m). 
2.4.4 Sediment Size 
Ettema (1980) for clear water flows and Chiew (1984) for live bed scour, defined the 
influence of sediment size on scour depth at circular piers for uniform sediments.  Their 
data show that    increases with the relative sediment size  
 
   
  up to 
 
   
 = 50, where b is 
the bridge pier diameter.  For 
 
   
 >50,    is independent of the sediment size.  Ettema 
(1980) explained that the reductions in scour depth for relatively large sediments were due 
to large particles impeding the erosion process at the base of the scour hole and dissipating 
some of the flow energy in the erosion zone.   
Cohesionless sediments are classified as ripple forming or non ripple forming.  Melville 
(1983) concluded that ripples form only for bed materials composed of particles finer than 
about 0.6 to 0.7 mm.  For flows approaching the incipient motion condition, bed surfaces of 
ripple forming sediment are less stable over time than bed surfaces of non-ripple forming 
sediment 
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3. Scour and Bridge Piers 
3.1 Introduction 
There are basically three types of scour that affect the performance and safety of bridges, 
local scour, contraction (general) scour, and degradation scour. 
3.2 Local Scour 
The process of local scour is time dependant.  Local scour occurs when the velocity near 
the bridge pier is strong enough to entrain the local sediment particles. Local scour around 
piers is the result of vortex systems and increased velocities which develop as the river flow 
is directed around the pier.  The main vortex system which contributes to the formation of 
scour holes originates at the upstream nose of the pier where the flow acquires a downward 
elevation, which reverses direction at the stream bed.  The downward pressure gradient at 
the pier face directs the flow downwards.  Local pier scour begins when the down-flow 
velocity near the stagnation point is strong enough to overcome the resistance to motion of 
the bed particles.  Without a scour hole the maximum downward velocity is about 40% of 
the average approach velocity, the maximum strength of the down-flow being just below 
the bed level.  When scouring occurs, the maximum down-flow velocity is about 80% of 
the average approach velocity (Melville 1988; Copp and Johnson 1987).  The formation 
and subsequent deepening of the scour hole in the areas surrounding the bridge substructure 
can lead to instabilities. 
The impact of the flow on the bed is the principal factor leading to the creation of the scour 
hole.  As the size increases, the flow dives down and around the pier producing a horseshoe 
vortex, which carries the scoured bed material downstream.  The combination of the down-
flow and the horseshoe vortex is the dominant scour mechanism.  As the scour hole 
becomes progressively deeper, the down-flow near the bottom of the scour hole decreases 
until equilibrium is reached and the depth remains constant (Hamill 1999). 
At the sides of the pier, boundary separation occurs, resulting in a wake vortex whose 
whirlpool action sucks up sediment from the bed.  The bedding material is carried 
downstream by the eddies being shed from the pier. 
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Figure 3.1  Flow and Sour Pattern at a Circular pier (Melville and Coleman, 2000) 
 
3.3 Development of the Scour Hole 
The development of the scour hole commences at the sides of the pier (Chiew 1984).  
Melville (1975) indicated that the initial tiny indentations in the bed adjacent to the pier are 
due to the maximum bed shear stress occuring at ±     degrees to the undisturbed flow 
direction.  Further, Melville (1975) stated that the value of the maximum bed shear stress at 
the sides of the pier was 1.35 times the value of the critical shear stress of the bedding 
material.  These tiny holes formed on either side of the pier propagate rapidly around the 
upstream perimeter of the pier and eventually converge on the upstream centreline of the 
pier to form a shallow hole in front of the pier.  As the hole in front of the pier is formed, 
the combined action of the horseshoe vortex and the downflow begin to erode the bedding 
material.  Melville (1975) made the following observations in relation to the scour hole 
development: 
1. The horseshoe vortex is initially small and roughly circular in cross section and 
comparatively weak. 
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2. With the formation of the scour hole, the vortex rapidly grows in size and strength 
as additional fluid attains a downward component and the strength of the downflow 
increases. 
3. The horseshoe vortex moves down into the developing scour hole and expands as 
the hole increases. 
4. As the scour hole increases in size, the circulation associated with the horseshoe 
vortex increases, due to its expanding cross sectional area, but at a decreasing rate. 
3.4 Classification of Local Scour 
Expressing the rate of scour from the scour hole as the difference between the supply of bed 
material to the scour area and the capacity for sediment transport of the area gives a useful 
classification of scour types. 
                   3.1 
where    is equal to the rate of local scour volume per unit of time,     is equal to the 
capacity of flow to transport sediment out of the scour hole in volume per unit of time, and 
    is equal to the rate at which sediment is supplied to the scour hole in volume per unit of 
time (Melville 1975).   
Two types of scour may be identified after equilibrium depth is reached, and depends on 
the following prevailing conditions. 
(a) Clear water scour        , where bed material is moved out of the scour hole and 
not replaced.  Clear water scour occurs when the bed shear stresses away from the 
scour hole are equal to or less than the critical shear stress of the sediment particles 
in the bed.  Clear water scour occurs at lower flow velocities with particle 
movement occurring locally.  The depth of the scour hole increases until a point of 
equilibrium.  Equilibrium occurs when the turbulent agitation and average bed shear 
stress is no longer able to remove bedding material at the scour hole adjacent to the 
pier.   
(b) Sediment transporting (Live bed) scour          , where the whole river bed is in 
motion.  Live bed scour occurs when the bed shear stress is larger than the critical 
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shear stress of the bed.  Equilibrium depth is reached when the amount of sediment 
entering the hole is balanced by the amount leaving.  The depth fluctuates 
periodically with changes in the formation of the bed such as ripples and dunes.  
When the approach velocity equals the average critical velocity for initiating 
sediment movement, the depth will be the greatest.   
 
Figure 3.2  Scour depth verses approach Velocity (Chabert and Engeldinger) 
3.4.1 Contraction (General) Scour 
Contraction scour occurs over a whole cross section as a result of the increased velocities 
arising from a narrowing of the channel by a constriction such as a bridge.  In general 
terms, the smaller the opening ratio the larger the waterway velocity and the greater the 
potential for scour.  Blodgett (1984) reported that two to three years after construction of a 
bridge that forms a constriction, bed levels may be reduced by as much as 0.5m or more.  
Severe constrictions may require regular maintenance for years to combat erosion (Hamill 
1999). 
A constricted opening tends to increase boundary shear stresses and velocities, resulting in 
capacity for sediment transport.  Under a high flow condition, the bed of the opening will 
scour down until an equilibrium condition is attained, whereby bed material transported out 
of the bridge waterway opening equals that transported in from upstream.   
The degree of contraction is measured in terms of the contraction ratio β. 
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 3.2 
where W1=width of the approach and W2=width of the bridge opening.  The reduction in 
width leads to a process which ultimately causes an increase in the bed shear stress. 
 
Figure 3.3  Waterway opening and scour terminology (Roads and Transport Association of Canada 
2004) 
3.4.2 Degradation 
Degradation can only occur in a live bed where the mean velocity (V m/s) of the flow 
upstream of the bridge is greater than the scour critical velocity (Vs m/s) needed to move 
the bed material.  It is not the result of bridge or embankment construction.  It can be 
defined as an adjustment of the bed elevation over a large area due to the changes in 
hydraulics and sediment transport (Hamill 1999).  This is illustrated by the following 
equation (Lane 1955; Bryan et al. 1995). 
                     
 3.3 
Where Q is the water discharge,    is the channel bed slope,    is the bed material 
discharge, and     is the median grain size of the bed material.  A change to one variable 
on either side of the equation will affect the stability of the channel, and can cause 
aggradation or degradation.   
David Gibson     Page 21 
Urbanisation has the effect of increasing flood magnitudes and causing hydrographs to peak 
earlier, resulting in higher stream velocities and degradation.  The significance of 
degradation scour to bridge design is that the engineer has to decide whether the existing 
channel elevation is likely to be constant over the design life of the bridge, or whether it 
will change.  If change is likely, it must be allowed for in the design of the waterway area 
and pier design. 
3.5 Estimation of Scour 
Scour depth can be divided into two categories, contraction scour and local scour.  Within 
these two categories, the resulting condition maybe either live bed scour or clear water 
scour as previously discussed.  Each condition has its own set of equations for scour depth. 
3.5.1 Contraction Scour Depth 
The recommended method in Austroads (1994) is based on whether there is overbank flow 
(Case 1) or no overbank flow (Case 2).   
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Figure 3.4 Contraction scour, modified from Austroads (1994) (Melville and Coleman 2000) 
 
For live bed scour, Richardson and Davis (1995) and Austroads (1994) both recommend 
the following equation which is a modified version of Laursen (1960), 
  
  
  
  
   
 
 
 
 
  
  
 
  
                                                                                                                   
3.4 
where Y1=average depth in the approach main channel, Y2=average depth in the main 
channel of the contracted section, W1=bottom width of the approach main channel, 
W2=bottom width of the approach main channel in the contracted section, Q1m=discharge in 
the approach main channel transporting sediment, Q2=total discharge through the bridge, 
and k1=a coefficient defined in Table 3.1 
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Table 3.1 Value of coefficient k1 
k1 Mode of bed material transport 
0.59 Mostly contact bed material 
0.64 Some suspended bed material discharge 
0.69 Mostly suspended bed material discharge 
 
Equation 3.4 is plotted in Figure 3.5 in terms of  
   
  
  
  
  
   , for 
  
   
    , and 
    
   
   
     .  Figure 3.5 demonstrates that large contraction scour depths can 
develop where severe main channel contraction width (large β) and flow channel 
contraction (large 
  
   
) occur simultaneously. 
For case 1(c), estimation of flow depths and discharges is problematic as the scour effect 
depends on lateral distributions of flow both upstream of the bridge and at the bridge, with 
Q2 being difficult to define.  Austroads (1994) makes assumptions recommending that 
W1=W2, and parameters be defined as follows:  Y1=average depth in the area of the main 
and flood channel where the bridge is located (at normal depth and flow without scour 
occurring), Y2=average depth of flow in the bridge opening (including scour depth), and 
Q1m=discharge through the area of the main and flood channels where the bridge is located 
(at normal depth and flow without afflux). 
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Figure 3.5  Plot of Equation 3.4 of live bed scour (Laursen 1960)) 
For clear water scour, the following equation based on a modified version of Laursen 
(1963) is recommended.  
        
  
  
 
   
 
 
 
                                                                                                                        
3.5 
Where Y2=average depth of bridge opening including scour depth, Q2=total discharge 
through the bridge, dm=effective mean diameter of bed material            , W2=bridge 
bottom opening width, and the constant has dimensions    
  
 .  Equation 3.5 assumes that 
the scour process continues at the bridge section until the scour threshold velocity is 
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reached.  Austroads (1994) suggests using equation 3.4 without the last term  
  
  
 
  
 for 
clear water scour as an alternative to equation 3.5. 
In order to determine whether conditions are clear water scour or live bed scour, Equation 
3.6 (S.I. units) is applied. 
        
 
    
 
                                                                                                                             
3.6 
Where    = critical velocity that will transport bed material of size     and smaller.  
     implies clear water conditions. 
 
 
Figure 3.6  Variations in contraction scour distribution (Melville and Coleman 2000) 
 
 
Idealised straight uniform channel – 
uniform contraction scour 
Curved approach channel demonstrating 
non uniform contraction scour. 
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3.5.2 Local Scour Depth and Width 
The current design approach as described by Melville and Coleman (2000) is to consider 
piers and abutments together and develop a design method that can be applied to both.  
However, this section will only cover piers as abutments are not pertinent to this 
dissertation.  Scour depth is influenced by depth of flow at the pier, pier shape, angle of 
approach flow, bed configuration, and time.  Ettema et al. (1998) concluded that a 
conservative maximum scour depth for circular piers was 2.4D.  Hamill (1999) states that 
the ratio of pier scour depth to pier width  
  
 
  for round nosed piers aligned with the flow 
does not exceed 2.4 when       and increases to 3 for large vales of  . 
The Colorado State University (CSU) Equation 3.7 as recommended by Austroads (1994) 
estimates the equilibrium pier scour depth for both live bed and clear water conditions.   
                 
  
  
 
    
  
    
                                                                                            
3.7 
Where     is the flow depth (m) immediately upstream of the pier,     is an adjustment 
factor for the pier nose shape from Table 3.2 when     ,     is an adjustment factor for 
the angle of attack         taken from Figure 3.7 (if     , skewness can be ignored), 
    provides an increase in the equilibrium scour depth for various bed conditions (refer 
Table 3.3),    is the bridge per width, and    is the Froude number. 
Table 3.2  Adjustment factor    for pier nose shape when    
  (Richardson, cited in Hamill 1999) 
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Figure 3.7  Adjustment factor   for the angle of attack (Richardson, cited in Hamill 1999) 
Table 3.3  Increase in equilibrium scour depth     for various bed conditions (Richardson, cited in 
Hamill 1999) 
 
3.5.2.1 Width of the Scour 
The overall width of the scour hole is an important aspect in designing bridge pier spacings 
and stability of embankments.   Austroads (1994) states that for practical purposes, the top 
width of a scour hole in a cohesionless bedding material measured from the external face of 
the pier to the outer edge of the hole can be taken as:  
       (Richardson, cited in Hamill 1999)          3.8    
Therefore, scour for a single pier can extend for a width of:  
                                                                                                                   3.9 
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Hamill (1999) gives an equation for cohesionless bedding material of the scour hole width 
measured from the outer face of the pier to the edge of the hole as: 
                                                                                                                             
3.10 
Where     is the depth of scour at the pier (m),    is a coefficient representing the bottom 
scour scour hole width taken from the outer face of the pier to the edge of the hole (m) as a 
fraction of the scour depth, and   is the angle of repose of the bedding material (typically 
between     and    .  As a general guideline, the bottom width decreases as     increases.   
 
Figure 3.8  Angle of Repose for Cohesionless Soils (Source: Simon and Albertson cited in Osman Akan 
2006, p165) 
Figure 3.8 can be used to determine the angle of repose for cohesionless soils.  Figure 3.8 
represents average values.  Values should be used cautiously as experiments show that 
significant deviations from the values shown can occur. 
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3.5.2.2 Pier at or Below the Stream Bed 
After considering contraction scour and degradation, if the footing and pile cap is at or 
below the stream bed, it is recommended that the pier width be used for the value of    in 
Equation 3.9.   
3.5.2.3 Pier Extends Above the Stream Bed 
Where the pier or pile cap extends above the stream bed, the value of    in Equation 3.9 is 
represented by the width    above the stream bed, as well as the average depth and average 
velocity in the flow zone (   and    respectively) obstructed by the pier or pile cap 
replacing    and   .  The value of    is obtained from Equation 3.11. 
      
           
  
  
  
           
  
  
  
                                                                                                             
3.11 
Where    is the average velocity (m/s) in the flow zone below the top of the footing,    is 
the distance (m) from bed to the top of the footing, and    is the grain roughness of the 
bedding material, taken as the     value (m). 
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3.5.3 Previous Experimental Work on Bridge Piers, Vortex Shedding, and Local 
Scour 
Heron (2007) examined the relationship between vortex shedding frequency and velocity in 
terms of the dimensionless Strouhal and Reynolds numbers for various diameter circular 
piers and roughness coefficients. Heron (2007) used the ratio of the model diameter and 
velocity to calculate the shedding frequency.  Heron (2007) found that the onset of vortex 
shedding occurs over a wide range of velocities due to the wide range of Reynolds numbers 
at which it occurs. The increase in vortex shedding frequency is due to increased velocity. 
Further, the surface roughness of the pier changes the way that the boundary layer separates 
and the stability of the vortex shedding.   
Drysdale (2008) applied dimensional analysis to examine the effectiveness of an aerofoil 
shaped bridge pier by comparing a scaled circular pier with a scaled aerofoil shaped pier of 
the same diameter.  Drysdale found that for the same flow condition, the vortex shedding 
from the Aerofoil shaped pier was significantly less than the circular pier.  He further 
concluded that the aerofoil shaped pier had a 26% reduction in drag force compared to that 
of the circular pier. 
Christensen (2009) examined the effectiveness of a slotted aerofoil shaped bridge pier in 
reducing local scour, as compared to an aerofoil and circular pier.  Christensen concluded 
that the aerofoil shaped pier reduced local scour by a volume of 27% when compared to the 
circular shaped pier.  The slotted aerofoil shaped pier had a reduction in the scour hole 
volume of 85% when compared to the circular shaped pier.   
The scour reduction percentages calculated by Christensen (2009) will be used in 
evaluating clear water scour from the experiments conducted as part of this dissertation. 
3.6 Summary 
Prior to commencing any field experiments, a literature review has been conducted.  There 
exists much published data on local scour around circular piers within a controlled 
laboratory environment.  Drysdale (2008) and Christensen (2009) have demonstrated that 
symmetrical aerofoil shaped piers significantly reduce drag force and local scour as 
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compared to circular piers.  The mechanisms and theories of local scour have been 
discussed and summarized as part of this literature review.   
To bring the idea of a symmetrical aerofoil shaped bridge pier closer to an application, a 
better understanding is required of the local scour behavior, sediment transport, and vortex 
shedding frequency of a symmetrical aerofoil shaped bridge pier within a turbulent flow in 
an erodible bed under clear water local scour conditions. 
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4. Pier Testing Methodology 
4.1 Introduction 
This chapter will outline the testing methods used to assess the scouring and sediment 
transport, field testing and data acquisition equipment, and cohesionless bedding material 
tested.  It is envisaged that field testing in a large flume using larger scale bridge piers at 
greater flow depths and larger velocities will achieve more practical, realistic results than 
laboratory testing. 
4.2 Equipment 
4.2.1 Large Hydraulic Flume 
Experimental work as part of this research has been carried out in a large flume located in 
the agricultural field station complex of the University of Southern Queensland.  The flume 
is 20m long, 2m wide, and 0.9m deep.  The in-situ base material of the flume is high 
plasticity silty clay.  The depth of water in the flume is controlled by a timber weir at the 
downstream end and a gate valve on the upstream manifold of the flume.  All experiments 
conducted as part of this research utilized a downstream flow control timber weir 140mm 
high above the starting bed level.  This weir depth ensured that the probe transmitter of the 
Acoustic doppler velocimeter (ADV) was always submerged and the support frame was 
always above the water surface so as not to interfere with velocity readings.  The top edge 
of the flume has a steel C section bolted to each long side.  The C sections act as a rail for 
the support frame. 
Steady flow condition is achieved on the upstream entry to the flume through two concrete 
block walls as shown in Figure 4.1. 
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Figure 4.1  Upstream Flume Entry 
 
 
 
Figure 4.2  Flume Layout  
 
 
 
Open trapezoidal channel to 
return water to dam 
Dam 
Y=20m 
X=2m 
Coarse sand bedding 
material 
Axial Drive „LB‟ pump 
Manifold inlet 
to flume 
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4.2.2 Fabricated Support Frame for Point Measures of Velocity 
The support frame consists of two fabricated steel square hollow section components.  The 
three wheel welded frame spans the two metre wide flume and allows translation in the Y 
direction by moving along the C section rails.  The smaller 4 wheeled frame has a threaded 
steel rod adjustable cradle which can translate in the Z direction, X translation is achieved 
by rolling the smaller frame across the larger frame.  The signal controlling module of the 
NDV is held in place by the cradle of the support frame.  The spanning support frame has a 
steel ruler riveted to the outer face used to measure translation in the X direction.  The 
smaller frame also has a steel ruler riveted to the outer face used to measure translation in 
the Z direction. 
 
Figure 4.3  Flume, support frame, NDV, and translation axes 
 
 
 
 
x 
y 
z 
David Gibson     Page 35 
4.2.3 Cohesionless Bedding Material 
A particle size distribution has been carried out in accordance with AS 1141.11.1-2009.  
Grading results of the coarse sand material are shown below.  This has been completed in 
order to calculate     (median size sediment grain particle by weight),     (particle size for 
which 84% are finer by weight), and as a measure of the stability of the sediment bed. 
Table 4.1  Particle Size Distribution – Coarse Sand 
A.S. Sieve 
mm 
Individual 
Mass 
Retained 
Cumulative 
Mass 
Retained 
Cumulative 
Percent 
Retained 
Cumulative 
Percent 
Passing 
4.75 - - - 100.0% 
2.36 109 109 12.2% 87.8% 
1.18 299 408 45.7% 54.3% 
0.6 226 634 71.1% 28.9% 
0.425 72 706 79.1% 20.9% 
0.3 72 778 87.2% 12.8% 
0.15 96 874 98.0% 2.0% 
0.075 11 885 99.2% 0.8% 
Passing 
0.075 7 892 100.0%  
 
Figure 4.4 Results of Sieve Analysis of Coarse Sand to be used in flume experiments 
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From the gradings curve, median particle grain size of the coarse sand,             
and               Further, a particle density and water absorption test has been carried 
out in accordance with AS 1141.5 „Method for sampling and testing aggregates‟ which 
yields the following results. 
Table 4.2  Sediment particle density and water absorption 
Apparent particle density 2.371t/m3 
Dry particle density 1.893t/m3 
Saturated surface dry particle density 2.095t/m3 
Water absorption 10.6% 
4.2.4 Water Supply 
 
Figure 4.5  PTO, gear drive, axial flow pump, and manifold delivery to flume 
Water is supplied to the flume from the adjacent dam through a power take off driven 
„Amarillo‟ one is to three right angle gear drive coupled to a Layne Bowler 350mm axial 
flow pump (Layne Bowler).  Flow is controlled by a gate valve located on the upstream 
side of the flume at the manifold. 
Trial velocity tests carried out within the flume revealed that with the gate valve open and 
the tractor operating at 1200 revolutions per minute with the power take off in low range, 
maximum velocity within the flume that could be sustained was approximately 0.6 m/s.  
The operating speed of the pump was 1050 RPM approximately. 
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4.2.5 Acoustic Doppler Velocimeter (ADV) 
 
Figure 4.6 Components of the Nortek Doppler Velocimeter 
Acoustic doppler velocimeters work by sending out a short acoustic pulse from the transmit 
element. When the pulse travels through the focus point for the receiver beams, the echo is 
recorded in each of the three acoustic receiver elements. The echo is then processed to find 
the Doppler shift, the scaling is adjusted with the measured speed of sound in the liquid and 
the velocity vector recorded through the processing software. 
Temperature and salinity are required for calculating the speed of sound, which determines 
the scale factor used to convert Doppler frequency shift to velocity. Salinity was entered in 
parts per thousand (ppt).  A thermometer was placed in the flume to monitor water 
temperature for input into the processing software at each coordinate of the experiment.  
 
The speed of sound in water is given in the menu for information purposes only. It was 
computed from the values of temperature and salinity.  The vertical extent of the sampling 
volume can be set to 3,6 or 9 mm. The default is 9 mm.  The data will be noisier as the 
sampling volume size is decreased.  The velocity measurements collected by NDV are 
vector-averaged internally and the averages output at this rate.. The sampling rate can be set 
between 0.1 Hz and 25 Hz.  Sampling for this research was set to 1 Hz and samples were 
measures for a period of 60 seconds at each velocity measurement location.  Within the 60 
seconds, vortex shedding would have occurred numerous times over the recording interval.  
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The statistical uncertainty of the velocity measurements (Doppler noise) is approximately 
proportional to the maximum velocity range that the NDV can measure. It is therefore 
recommended that the velocity range of the NDV be set to the minimum value that covers 
the range of velocities expected in a given experiment. Velocity range can be set to either 3, 
10,30, 100, or 250 cm/s. 
 
Figure 4.7 Acoustic pulse is emitted from the probe centre, and echoed back to each of the 3 receiver 
probes (Drysdale 2008) 
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4.2.5.1 Collect V Software 
 
Figure 4.8 Velocity measurements in the x,y, and z directions using CollectV software. 
Data from the ADV signal controlling module is processed and transmitted to the CollectV 
software for the user.  Velocities measured in cm/s in three dimensions and time (s) are 
both displayed on a dynamic screen output as shown in Figure 4.5.  Each velocity 
measurement coordinate has been assigned a unique .csv file for further processing in 
MATLAB.   
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4.2.6 ‘Leica’ Scanstation 2 High Speed Pulsed Laser Scanner 
 
Figure 4.9  Laserscan of Aerofoil Pier Scour hole 
To ensure that scour hole volumes were calculated with a high degree of accuracy, the laser 
scanner was used to scan the scour hole of each model pier.  The scan station 2 is a pulsed, 
dual axis compensated, high speed laser scanner with two millimetre accuracy, range, and 
field viewer.  Level of accuracy achieved with the laser scanner was           
Scanning of the bed for the circular pier was performed after the pier was removed from the 
bed.   The scour holes of the two symmetrical aerofoil piers were scanned prior to removal 
of the piers.  This was performed to protect the integrity of the scour hole.  The laser 
scanner was strategically located in two separate positions.  The individual scans for each 
pier were then meshed together using the post processing software „Cyclone‟.   
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The datum point for the laser scans was the two reflectorless prisms mounted onto the 
external face of the flume „C‟ sections as shown in Figure 4.9.  The perimeter of the base 
plate of the prisms was scribed onto the outer face of the two „C‟ sections to allow for the 
base plate to be repositioned onto the flume for subsequent experiments with a high degree 
of accuracy. 
 
Figure 4.10  Laser scanner reflectorless prism 
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4.3 Velocity Measurement Coordinates 
 
Figure 4.11  Velocity Measurement Coordinates (Circular Pier) 
Velocities were measured over half the width of the flume due to the symmetrical shape of 
the pier and the centred alignment of the pier within the flume.  Velocities were recorded in 
a 100mm grid interval from X=600mm to X=1000mm for each Y coordinate from 
Y=8600mm to Y=10,000mm.   
X=1000mm represents the centre of the 2000 mm wide flume in the X direction.  Y=8,000 
represents 8000mm downstream from the upstream end of the steel „C‟ section.  At each 
horizontal measurement coordinate, velocities were recorded at 100mm and 200mm above 
the datum bed level in the Z direction.   
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Figure 4.12  Velocity Measurement Coordinates (Straight Aerofoil and Skirted Aerofoil) 
Velocities were recorded for the straight aerofoil and skirted aerofoil piers using a similar 
methodology as was done for the circular pier.   
Y Coordinates shown in figures 4.9 and 4.10 were adjusted for the offset distance from the 
centre line of the main support frame to the head of the ADV probe.  The offset distance of 
213mm is demonstrated below in figure 4.11. 
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Figure 4.13  Y Coordinate adjustment length 
4.4 Preliminary Development of Methodology 
Prior to commencing field experiments, a check was made to ensure that the flow condition 
within the flume would achieve the critical mean velocity at the threshold condition for 
sediment movement for the coarse sand bedding material using Equation 2.14: 
                              
    
    
       
 
 
 
          
As the value of the critical mean velocity is less than the trial flume velocity, the field 
experiments with the scaled model piers could proceed based on depth of flow     at the 
pier of 0.25m. 
A check was also made that the scour depth      was independent of the sediment size as 
previously explained.   
 
   
 
     
     
          therefore, scour depth was independent of scour size. 
 
213mm 
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4.5 Reynolds number, Flow Depth, and Regime for Experiments 
The onset of vortex shedding and local scour around a bridge pier will occur under 
turbulent flow conditions.  To ensure that the flow within the flume was turbulent, the 
Reynolds number was calculated.  The depth of flow of 0.25m was controlled by a 
downstream weir and control valve at the manifold upstream of the flume.   
                   
 
 
 
        
             
      
The theoretical section mean velocity was averaged at a distance of 100mm (0.4 times the 
depth) above the bed (Nalluri and Featherstone, 2001) and theoretically assumed as 0.6m/s.  
The theoretical Reynolds number of the channel was then calculated. 
                                  
             
As previously discussed, Chadwick et al. (2004) describes the onset of turbulent channel 
flow occurring at        .  Flow condition within the flume is well within the turbulent 
flow range.  The corresponding theoretical Froude number of the flow at the pier within the 
flume was calculated as: 
                        (Subcritical flow) 
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4.6 Incipient Motion of Bedding Material 
The Shields parameter      and particle Reynolds number       were calculated to define 
the theoretical threshold of sediment entrainment for the insitu coarse sand bedding 
material. Manning‟s   is calculated as: 
           
 
 
 
 
 (Raudkivi 1976)       3.1 
                
 
  =0.015 
Bed slope    is: 
    
  
 
 
 
 
 
(Chezy)         3.2 
    
         
   
 
 
 
 
            
The average bed shear stress    is calculated as: 
                    3.3 
                         
             
The bed shear velocity    is: 
    
  
 
           3.4 
    
     
    
           
The Particle Reynolds number     is therefore: 
    
     
 
           3.5 
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The Shields parameter      is: 
   
   
         
            
 3.6 
   
              
                 
 
   0.096 
Referring to figure 2.8 (Shields diagram), the region of the diagram that corresponds to a 
Shields parameter      of 0.096 and particle Reynolds number       of 34.144, is above 
the Shields threshold line in the smooth turbulent flow region.  As the Shields parameter 
threshold value within the smooth turbulent region of the diagram is 0.037, there will be 
some „live bed‟ scour occur over the duration of the experiment, though this will only occur 
within the area of the coarse sand bedding material. 
Nalluri and Featherstone (2001) give a value of 0.02 for Manning‟s coefficient of 
roughness for 0.5mm – 2.0mm non colloidal coarse sand. 
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4.7 Excavation Within the Flume for Coarse Sand Bedding Material 
 
Figure 4.14 Excavation within flume for coarse sand bedding material 
The initial estimate of scour depth of the circular pier was calculated prior to excavation of 
the flume using equation 2.17.   
                   
      
    
 
    
                 
As previously mentioned, Richardson et al. (1993) describes scour hole width can extend 
for a distance of            which for the circular pier equates to 2.22m.  Hence, the 
scour hole width upstream of the pier, measured from the outer face of the pier to the 
upstream edge of the hole would be             .  Preliminary experiment trials with 
the circular pier revealed an actual scour depth of 0.183m and scour hole width upstream of 
the pier of less than 0.3m.  Given that equation 2.17 is very conservative and the aerofoil 
shaped pier with the skirt is 0.895m in length, the excavation dimensions were 2m wide, 
2m long, and 0.3m in depth. 
The upstream face of the excavation in the Y direction was at the Y=8600 coordinate 
(8,600mm) downstream from the upstream end of the steel „C‟ section. 
 
 
Y=2m 
X=2m 
Z=0.3m 
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4.8 Model Piers 
 
Figure 4.15  Skirted Aerofoil, Straight Aerofoil, and Circular model piers 
Model piers used in this dissertation were fabricated by the University of Southern 
Queensland Faculty of Engineering and Surveying.  Piers were milled and manufactured 
from 32mm medium density fibreboard (MDF) sheets in the University of Southern 
Queensland‟s engineering workshops (Saunders 2009).  The 32mm MDF sheets were then 
glued and laminated together, and coated with a clear polyurethane finish.   
The diameter of the model piers were scaled from a section of the Bremer River Bridge 
located in South East Queensland.  Using the span width of the Bremer River bridge and 
the flume width, the scale factors for the piers are: 
 
  
 
     
   
                     
 
  
 
     
   
                    
Bremer River bridge pier diameter is 2.44m, therefore scaled diameter is: 
                             
The ratio for unit length of Aerofoil to diameter from research previously completed by 
Drysdale (2008) was      .  Therefore, the length of the aerofoil     : 
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The ratio for the skirted aerofoil was based on the design of Saunders (2009).  The skirt 
height to water depth ratio of         
           
 
  
       
            
       
       
         
The overall height of all fabricated piers was         
`  
Figure 4.16 Circular Pier, Straight Aerofoil Pier, and Skirted Aerofoil Pier dimensions (Saunders 
2009). 
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4.9 Position of Model Piers in Coarse Sand Bedding Material 
 
Figure 4.17  Position of all model piers in the coarse sand bedding material 
The three model shaped piers were all positioned with the upstream face of all piers at the 
Y=9000mm location and centred about the X direction.  The centred upstream face of the 
pier was positioned at the X=660mm and Y=9,000mm.  This was achieved using a string 
line and plumb bob for each of the three piers.  For the two aerofoil shaped piers, the 
downstream end of the aerofoil was also checked with a string line to ensure that the 
aerofoil was not skewed in the Y direction. 
The theoretical depth that each pier was positioned below the cohesionless bedding material 
starting bed level was 0.15m.  This depth was selected after various trials with the circular 
pier to assist with stability and resist movement within the cohesionless bedding material.  
The circular and straight aerofoil piers were secured with ropes to resist translation in the X 
and Y directions. 
 
Figure 4.18  Circular pier secured with ropes to resist translation in X and Y directions 
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4.10 Experimental Procedure 
After each pier was positioned in the cohesionless bedding material and prior to the 
engagement of the pump from the tractor driven power take off (PTO), the gate valve on 
the upstream side of the flume was closed off completely.  Flow was slowly released into 
the flume so as not to move the pier by a sudden positive surge wave.  As the depth of flow 
increased, the control valve was slowly opened until the depth of 0.25m was achieved.  The 
depth was measured from RL 0 as shown below in Figure 4.14 and controlled by a 
downstream timber weir and gate valve located upstream of the flume entry in the pipe 
manifold.  Flow depth was checked with a survey staff at half hourly time intervals for the 
duration of the five and a half hour experiments.   
 
Figure 4.19  Datum point for measuring depth of flow 
Once the flow depth was achieved with the fabricated support frame in place, ADV 
positioned in the cradle, CollectV software up and running on the laptop, and thermometer 
in place, velocity readings were able to commence.  Velocity readings were taken in a grid 
interval at 100mm and 200mm depths above starting bed level as previously discussed.  
Scour hole depths were also measured at half hour time time intervals as part of each 
experiment. Thermometer readings were regularly checked, and as the water temperature 
changed, the temperature was adjusted on the CollectV software.  As a further quality 
control measure to each experiment, a magnetic revolution counter was also used to ensure 
the revolutions of the PTO were kept at an approximately constant speed for the three 
Note yellow paint (RL 0) 
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experiments.  The tractor used for the experiments maintained an approximate engine speed 
of 1200 revolutions per minute over the duration of the three experiments. 
After velocity readings had been completed for each experiment, the revolutions on the 
tractor were reduced to a slow idle and the PTO was disengaged.  Care was taken in this 
process so as not create surge waves within the flume that would impact the integrity of the 
scour hole or cause the pier to move. 
Once the tractor PTO was disengaged and the depth of flow dropped, the downstream 
timber weir was removed to allow the water in the flume to drain back into the dam.  
Scanning of the scour hole was completed with the laser scanner at least one day after the 
completion of each flume experiement. 
Once each pier and scour hole had been scanned, the pier was removed.  The remaining 
piers were then positioned in the flume and the cohesionless bedding material was then 
levelled to RL 0 as shown in Figure 4.15 over the 2 metre width of the flume from Y=8600 
to Y=10600.  This process was repeated for each of the Circular, Straight Aerofoil, and 
Skirted Aerofoil piers. 
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5. Results and Analysis 
5.1 Introduction 
Field testing results of the model piers in the USQ hydraulic flume within a cohesionless 
bedding material will be compared and analysed in this section.  The results are a 
comparison of scour and sediment transport parameters and have been made between the 
circular, straight aerofoil, and skirted aerofoil shaped model piers. 
5.2 Turbulent Flow 
Experiments were conducted within a turbulent flow.  Referring to Figure 5.1, the variation 
of velocities in the X, Y, and Z directions within the measured velocity area clearly 
demonstrates turbulent conditions.  The section mean velocity of the flow for each pier is 
shown at the centre of the flume in the X direction, Y=7787, and 100mm above the starting 
bed level (section mean velocity was taken at 0.4 times the depth) (Narulli and 
Featherstone, 2001).  Velocity measurements were averaged over the recording interval. 
 
Figure 5.1  Velocity measurements at X=centre of flume, Y=7787, and Z=100mm above starting bed 
level 
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The averaged section mean velocity in the Y direction, and averaged velocities for the X 
and Z directions for each of the three piers are shown below in Figure 5.1. 
Table 5.1  Mean Section Velocity in the Y direction, and Average Velocities in the X and Z directions 
 
Circular Pier 
(m/s) 
Straight Aerofoil 
Pier 
(m/s) 
Skirted Aerofoil 
Pier (m/s) 
Average Velocity 
(X direction) 
0.001 0.013 0.001 
Mean Section 
Velocity (Y 
direction) 
0.552 0.556 0.480 
Average Velocity 
(Z direction) 
0.015 0.022 0.01 
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5.3 Scour Hole Dimensions 
Dimensions of the scour holes for each of three piers were measured using the post 
processing software „Cyclone‟ from the laser scanner recorded data.  The top and bottom 
width of scour in the X direction, distance from upstream face to front outer edge of hole, 
and depth at upstream face were compared for each of the three piers.   
Table 5.2  Scour Hole Dimensions from Physical Modelling 
Circular Pier Straight Aerofoil Pier Skirted Aerofoil Pier 
 
Top Scour Hole Width = 
0.86m 
 
Top Scour Hole Width = 
0.932m 
 
Top Scour Hole Width = 
0.789m 
Bottom Scour Hole Width = 
0.375m 
Bottom Scour Hole Width = 
0.23m 
Bottom Scour Hole Width = 
0.4m 
Distance from Upstream 
face to front outer edge of 
hole = 0.367m 
Distance from Upstream 
face to front outer edge of 
hole = 0.304m 
Distance from Upstream 
face to front outer edge of 
hole = 0.301m 
Depth at Upstream face = 
0.183m 
Depth at Upstream face = 
0.193m 
Depth at Upstream Face = 
0.133m 
Scour hole depths for the circular and straight aerofoil piers were quite similar which was 
expected due to the identical shape on the upstream side of the pier X axis.  A 27% 
reduction in scour hole depth of the skirted aerofoil pier was observed as compared to the 
circular pier and 31% reduction as compared to the straight aerofoil pier.  The effect of the 
horseshoe vortex was reduced due to the downflow being deflected away from the base of 
the skirted aerofoil pier.  The development of the scour hole around the pier perimeter is 
therefore strongly influenced by this downflow. 
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The top scour hole width of the skirted aerofoil shaped pier was 0.143m or 15.3% less than 
the straight aerofoil pier and 0.071m or 8.3% less than the circular pier. 
The theoretical scour depth in Table 5.3 has been calculated based on the recorded mean 
section velocities in Table 5.1 in accordance with the CSU Equation 3.7 for scour depth and 
also using Equation 3.11 (Pier extends above the stream bed). 
Table 5.3  Theoretical Scour Hole depth (CSU Equation) 
 Circular Pier Straight Aerofoil Pier Skirted 
Aerofoil Pier 
Mean Section 
Velocity (m/s) 
(Y direction) 
(  ) 
0.552 0.556 0.48 
Froude Number 
(based on   ) 
0.352 0.355 0.307 
Equilibrium 
Pier Scour 
Depth 
(Equation 3.7) 
    (m) 
(Equation 3.7) 
 
          
     
      
    
 
    
         
       
 
          
     
      
    
 
    
         
       
 
Equation 3.7 
not valid 
   (m)             Equation 
3.11 not 
valid 
  (Equation 
3.11) (m/s) 
     
 
           
     
     
  
           
    
     
  
 
       
     
 
           
     
     
  
           
    
     
  
 
       
Equation 
3.11 not 
valid 
Froude Number 
(based on   ) 
0.385 0.384 N/A 
Substituting 
values of    & 
    into 
Equation 3.7 
    (m) 
          
     
      
     
 
    
         
       
 
          
     
      
     
 
    
         
       
N/A 
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Using Equation 3.7 with the adjusted values for average depth    and average velocity    
in the flow zone obstructed by the pier to calculate equilibrium scour hole depth    gives 
reasonably accurate, but slightly conservative scour hole depths for the circular and straight 
aerofoil piers as shown in Table 5.3.  Equilibrium scour hole depth    prediction was 17% 
greater than actual scour hole depth for the circular pier and 14% greater for the straight 
aerofoil pier.   
The theoretical width of the scour hole is shown in Table 5.5 was based on the theory and 
equations put forward by Richardson et al. (cited in Hamill 1999) and Hamill (1999).  The 
equilibrium pier scour depth (   ) used for the theoretical scour hole width has been 
calculated for 3 different scenarios.   
1. Based on Equation 3.7 (Table 5.3) 
2. Based on substituting values of    &    from equation 3.11 into equation 3.7 (Table 
5.3) 
3. Based on Physical modelling (Table 5.2) 
The angle of repose was taken as      based on average values put forward by Simon and 
Albertson (cited in Osman Akan 2006) in Figure 3.8 and Richardson et al. (cited in Hamill 
1999).  Measuring the scour hole angle of physical modelling of the three tested piers 
revealed the following results 
Table 5.4  Angle of Repose from Physical Modelling 
 Circular Pier Straight Aerofoil 
Pier 
Skirted Aerofoil Pier 
Angle                       
These values have been measured on the upstream side of each pier and are approximate 
only as the actual grade of the slope from the outer surface at the top of the scour hole to 
the to the bottom of the scour hole varies. 
 
 
David Gibson     Page 59 
Table 5.5  Theoretical Scour Hole Width 
 
Circular Pier 
Straight Aerofoil 
Pier 
Skirted 
Aerofoil Pier 
               (1) (m)            
      
       
           
      
       
N/A 
               (2) (m)            
            
           
      
       
N/A 
               (3) (m)            
      
       
           
      
       
           
      
       
                                            
Angle of repose     (degrees)          
                 (1) (m) 
(Hamill 1999) 
     
       
       
       
 
     
       
       
       
N/A 
                 (2) (m) 
(Hamill 1999) 
     
       
       
       
     
       
       
       
N/A 
                 (3) (m) 
(Hamill 1999) 
     
       
       
       
     
       
       
       
N/A 
                                            
The equation for total width of pier scour hole      as shown by  Richardson et al. (cited 
in Hamill 1999) gives a very conservative estimation of total width of pier scour.  Using the 
adjusted value of     (Equations 3.7 and 3.11) the equation gives an over estimation for 
     of 41% for the circular pier, 37% for the straight aerofoil pier, and 18.5% for the 
skirted aerofoil pier. 
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The equation for width of a pier scour hole    (Hamill 1999) measured on one side of the 
pier clearly has some limitations and does not extend to scale model piers in cohesionless 
bedding materials. 
5.4 X Axis and Y Axis Sections of Model Piers 
 
Figure 5.2  Section of Circular Aerofoil Pier (X Axis) 
 
Figure 5.3  Section of Straight Aerofoil Pier (X Axis) 
 
 
Figure 5.4  Section of Skirted Aerofoil Pier (X Axis) 
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Figures 5.2 – 5.4 shows the slope variation between the top and bottom of the scour holes 
and the hole profile for the three piers.  Further, for the depths of scour achieved in these 
experiments, the repose angle of     as nominated by Simon and Albertson (cited in Osman 
Akan 2006) in Figure 3.8 and Richardson et al. (cited in Hamill 1999) is not constant.  For 
greater scour depths this angle may have a constant slope. 
Figures 5.2 – 5.8 were extracted from the three scan models using „Cyclone‟ processing 
software after the mesh had been created for each of the models from the scan points.  The 
software allows for the user to select multiple points using the multi pick mode option.  
Points were selected 0.5m on each side of the centreline of the upstream face in the X 
directon for the X axis plots.  For the Y Axis plots, points were selected 0.5m upstream 
from the upstream face, and 1.5m downstream from the upstream face along the centre line.  
From the Tools, alignment and section, create section from picks command, the user fills 
out the dialogue box shown below.  From the dialogue box, sections can then be displayed 
for each of the three models. 
 
Figure 5.5  Cyclone Sections Manager Dialogue Box 
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Figure 5.6  Section of Circular Aerofoil Pier (Y Axis) 
``  
Figure 5.7  Section of Straight Aerofoil Pier (Y Axis) 
 
Figure 5.8  Section of Skirted Aerofoil Pier (Y Axis) 
Figures 5.7 and 5.8 show that for the two aerofoil piers, the scour hole grades back to the 
bed level immediately downstream of the X axis centreline.  This was due to the significant 
reduction of wake vortices and the reduced interaction between the wake and horseshoe 
U/S 
U/S 
D/S 
D/S 
U/S D/S 
Approx. location of circular pier 
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vortices for both aerofoil shaped piers as compared to the circular pier.  For the circular 
pier, the scour hole continues downstream of the X axis centreline as shown in Figure 5.6. 
5.5 Scour Hole Volume 
The scour hole for each pier was measured over exactly the same area, one metre wide in 
the X direction by 2 metres long in the Y direction.  In the X direction, the scour hole 
volume measurement was centred about the pier and flume.  In the Y direction, the scour 
hole volume was measured from 0.4m upstream of the upstream face of each pier.  That is, 
in the Y direction, the scour hole volume measurement was over the same length as the 
cohesionless bedding material.  In the Z direction, volume was measured from the bottom 
of the hole back to RL 0 (datum point for level surface of cohesionless bedding material as 
shown in Figure 4.14).  Scour hole volumes for the three piers exclude the volume of each 
model  pier. 
 
Figure 5.9  Scour Volume from Field Experiment of Circular Pier 
Volumes were calculated using the „Leica Scanstation 2‟ post processing software 
„Cyclone‟.  The Cyclone software allows the user to create a mesh of the points of the scan 
by selecting all the scan points, and then selecting Tools, Mesh, Create Mesh.  Once the 
mesh was created, the mesh volume below a defined reference plane was defined.   Once 
the reference plane was made active, the sampling step and defined area were defined.  The 
sampling step used for this volume calculation was one millimetre.  The program then 
performs the volume calculation, and the volume below the defined reference plane appears 
as a green mesh. 
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Figure 5.10  Scour Volume from Field Experiment of Straight Aerofoil Pier 
 
Figure 5.11  Scour Volume from Field Experiment of Skirted Aerofoil Pier 
 
Table 5.6  Scour Hole Volumes from Physical Modelling Excluding Pier Volumes 
 Circular 
Pier 
Straight 
Aerofoil Pier 
Skirted 
Aerofoil Pier 
Scour Hole Volume excluding pier 
     
                        
% reduction compared to Circular 
Pier Scour Hole Volume 
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5.6 Development of the Scour Hole Measured at the Upstream Face 
The elapsed time taken from the start of each experiment for the scour hole to develop for 
each pier is shown below in Figure 5.12..   
 
Figure 5.12  Scour Hole Development measured at the Upstream Face of each Tested Pier 
The time taken for the development of the scour hole for the circular and straight aerofoil 
are quite similar due to the shape and geometry of the these two piers on the upstream side 
of the x axis.  The skirt on the aerofoil pier significantly reduces the scour depth over the 
same period of elapsed time. 
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5.7 Vortex Shedding Frequency in the Wake of the Circular Pier 
From Table 5.5, the mean section velocity (   , for the circular pier was         .  The 
Reynolds number of the channel based on    is therefore 
                                    
            
From equation 2.11, the dimensionless Strouhal number is calculated as 
           
    
       
                         
Rearranging equation 2.10 and solving for frequency gives 
          
             
     
         
Therefore, eddies will be shed at the rate of approximately one every two seconds. 
 
Figure 5.13  Velocity in the X and Y direction 200mm above the Starting Bed Level 
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Referring to Figure 5.13, the peaks and troughs of the plotted velocities in the X directions 
demonstrate the frequency and pattern cycle of eddy shedding of the circular pier. 
5.8 Comparison of Model Pier Velocities on the Downstream Side of the Pier X Axis  
Results from field testing of the two aerofoil shaped piers show that downstream of the pier 
X axis centre line, the flow of the straight aerofoil and skirted aerofoil piers is less turbulent 
compared to the circular pier, and that the scour hole starts to taper back to the bed surface 
on the downstream side of the X axis.   
Figure 5.14 shows the velocity comparison for the three model piers between the X velocity 
direction at Y=9087, X=860 at Z=200mm above RL 0.  X=860 represented an offset 
distance of 140mm from the centre of the flume.   
 
Figure 5.14  Comparison of X velocities at X=860, Y=9087, Z=200 
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Figure 5.15 shows the velocity comparison for the three model piers between the X velocity 
direction at Y=9787, X=960, Z=200mm above RL 0.  X=960 represented an offset distance 
of 40mm from centre of the flume. 
 
Figure 5.15  Comparison of X velocities downstream of the pier X axis at X=960, Y=9787, Z=200 
The large variation in the X velocities for the circular pier in Figure 5.15 demonstrate that 
at 800mm downstream from the circular pier, eddies are still present in the flow.  The 
straight and skirted aerofoil piers have less variation in the X velocity as compared to the 
circular aerofoil pier. 
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5.9 Velocity Contour Plots 
Velocity contour plots were generated from the .csv files from the processing software of 
the ADV.  X and Y direction velocity plots were generated at 100mm and 200mm above 
the original datum bed level and are shown below for each pier.   
 
Figure 5.16  Circular Pier X Velocity 100mm Above Bed 
 
Figure 5.17  Circular Pier X Velocity 200mm Above Bed 
Velocity (m/s) 
Y Coordinate 
X Coordinate 
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Figure 5.18  Circular Pier Y Velocity 100mm Above Bed 
 
 
Figure 5.19  Circular Pier Y Velocity 200mm Above Bed 
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Figure 5.20  Straight Aerofoil Pier X Velocity 100mm Above Bed 
 
Figure 5.21  Straight Aerofoil Pier X Velocity 200mm Above Bed 
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Figure 5.22  Straight Aerofoil Pier Y Velocity 100mm Above Bed 
 
Figure 5.23  Straight Aerofoil Pier Y Velocity 200mm Above Bed 
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Figure 5.24  Skirted Aerofoil Pier X Velocity 100mm Above Bed 
 
Figure 5.25  Skirted Aerofoil Pier X Velocity 200mm Above Bed 
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Figure 5.26  Skirted Aerofoil Pier Y Velocity 100mm Above Bed 
 
Figure 5.27  Skirted Aerofoil Pier Y Velocity 200mm Above Bed 
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6. Discussion 
6.1 Introduction 
This section contains a discussion of the results and analysis of the experimental testing for 
each pier.  Factors that were the causes of problems and possible errors have been 
discussed.  Possible areas of future research and practical application are also discussed. 
6.2 Scour Hole Depth 
Melville and Coleman (2000) suggest that for all circular piers greater than 0.1m in 
diameter, the maximum scour depth can conservatively be taken as 2.4D.  Field 
experiments completed as part of this research suggest that a value closer to 1D would be 
appropriate for circular and straight aerofoil piers up to 0.25m in diameter.  For the skirted 
aerofoil pier, the scour depth represented 0.6D.   
Chiew (cited in Masjedi et al. 2010) concluded that the use of a skirt on a circular pier 
reduced the scour depth by as much as 20%.  Kumar et al. (cited in Masjedi et al. 2010) 
also studied on the use of skirts around a circular pier.  Kumar et al. (cited in Masjedi et al. 
2010) concluded that the depth and location of the maximum scour varies with skirt width 
and that a wider skirt installed at an elevation below the bed level is more effective than a 
wider skirt at the bed level.  Masjedi et al. (2010) concluded that as the width of a skirt 
increases, the scour depth decreases and that after trialling skirts at different elevations, the 
optimum elevation was -0.01D below the bed level. 
6.3 Scour Hole Volume 
From Table 5.6, the percentage reduction in scour hole volume for the straight aerofoil and 
skirted aerofoil pier as compared to the circular pier was 26% and 40% respectively.  
Christensen (2009) concluded that for his laboratory experiments using 0.078m diameter 
piers in a 0.09m deep channel with an aerofoil ratio of 3.2:1, the percentage reduction for 
the straight aerofoil pier as compared to the circular pier was 27.4%. 
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6.4 Circular Pier 
 
Figure 6.1  Circular Pier Downstream Scour 
The length of the scour hole on the downstream side of the circular pier is demonstrated 
above in Figure 6.1.  There was little evidence of sediment deposit in the first two metres 
downstream of the pier.  On the downstream side of the pier X axis, powerful eddies are 
generated as the flow is drawn from the outer boundary layer inwards into the low pressure 
zone.  These eddies are then downstream forming wake vortices.  The length of the scour 
hole downstream demonstrates the strength of the wake vortices.  Lack of sediment deposit 
demonstrates that the particle Reynolds number     stays above the Shields threshold value 
  , that is, the sediment is still entrained in the flow.   
In the wake of the circular pier, the pattern of the flow remains generally unchanged 
(Dargahi 1989).  Over the duration of the circular pier experiment, no appreciable change 
was observed in the number or frequency of eddies being shed. 
Downstream 
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6.5 Straight Aerofoil Pier 
 
Figure 6.2  Straight Aerofoil Pier Downstream Sediment Deposit 
The coarse sand bedding material from the scour hole of the straight aerofoil pier was 
deposited downstream on a Y axis alignment just to the inside of the outer scour hole width 
alignment.  This is shown by the two arrows in Figure 6.1.  On the X axis, the coarse sand 
bedding material deposits appear on the downstream side of the nose of the aerofoil.  The 
bedding material becomes entrained in the fluid when the particle Reynolds number     
moves above the Shields threshold value    around the upstream perimeter of the scour 
hole.  Downstream of the pier X axis, the interaction between the horseshoe and wake 
vortices is weak.  The particle Reynolds number     drops below the Shields threshold 
value   , and the bedding material is deposited as flow is drawn downstream.  Over the 
duration of the experiment, eddy shedding was not visually observed.   
Downstream 
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6.6 Skirted Aerofoil Pier 
 
Figure 6.3  Skirted Aerofoil Pier Downstream Sediment Deposit 
The sediment deposits for the skirted aerofoil commence immediately downstream of the 
scour hole.  This was due to the reduced effect of the horseshoe vortices and the limited 
interaction between the horseshoe and wake vortices as previously mentioned.  The 
alignment of the sediment deposit is similar to that described for the straight aerofoil pier.  
Eddy shedding was not visually observed. 
 
Figure 6.4  Skirted Aerofoil Pier Boundary Layer 
Downstream 
David Gibson     Page 79 
Figure 6.4 illustrates how the effect of the aerofoil shape impacts the boundary separation 
layer.  The aerofoil eliminates the low pressure zone being formed on the downstream side 
of the pier X axis. 
6.7 Problems and Possible Errors in Experimental Data 
Problems and possible errors in experimental data were observed throughout experimental 
testing.  A summary is detailed below. 
The physical location of the dam that was the water source for the flume was a significant 
problem throughout testing of all piers.  The field complex where the flume and dam are 
located has a significant volume of material and associated packaging stored outside.  Due 
to the high winds experienced over the mid August to mid September testing period, a 
significant amount of packaging material found its way into the dam.  Prior to each 
experiment, all packaging was removed that was within reach and on the surface, however, 
throughout the duration of the three experiments, the PTO had to disengaged numerous 
times so that packaging and rubbish could be removed from the pump intake. 
Coarse sand bedding material with a median particle grain diameter greater than 0.6mm to 
0.7mm was intended to be used for all experiments in order to eliminate ripples and provide 
a stable bed surface.  As shown in Table 5.2 and Figure 5.2, the coarse sand is of non 
uniform grading. The particle size distribution shows that 28.9% of the sieve sample size 
passed the 0.6mm sieve.  As a result, minor ripples were observed over the duration of the 
three experiments. 
Readings taken with the electromagnetic revolution counter on the connecting PTO 
driveshaft between the tractor and the gear drive over the three experiments varied.  
Average readings taken were         for the skirted aerofoil pier,        for the 
circular pier, and         for the straight aerofoil pier.  The difference in     is further 
distorted by the gear drive ratio of 1:3.  That is, one PTO driveshaft revolution is equal to 
three pump revolutions.  Actual pump speed for the three model piers was          for 
the skirted aerofoil pier,          for the circular pier, and          for the straight 
aerofoil pier. 
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A significant volume of water flowing from the trapezoidal channel outlet into the dam was 
directed under the dam liner due to the larger number of tears in the liner at this location.  
This resulted in a reduction in water level of the dam over the five and a half hour duration 
of each experiment.  Water levels fell by approximately one metre which reduced the head 
of water at the pump inlet.  This was accounted for by adjusting the valve at the manifold 
on the upstream side of the flume to maintain 0.25m water level depth as previously 
described. 
 
Figure 6.5  Tears in Dam Liner at Trapezoidal Channel Outlet 
The drop in water level can also be attributed to the volume of water in the dam relative to 
the volume of water required to fill the flume and open trapezoidal channel to run each 
experiment. 
One of the limiting factors in the depth that could be used for the field experiments was the 
X translation support frame.  The threaded rod that allows the support carriage translation 
in the Z direction is bolted to the underside of the steel plate as shown in Figure 6.6.  The 
height of the support frame limited velocity readings.  Due to the offset distance from the 
support frame to the ADV probe head, readings could not be taken at the upstream face of 
the piers because of this limitation.   
 
Trapezoidal Channel Outlet 
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Figure 6.6  X Translation Support Frame 
6.8 Areas of Future Research 
Review of literature, research, and experimental investigation demonstrates that the skirt 
below the river bed level in conjuction with the aerofoil nose on the downstream side of the 
pier significantly reduce local scour depth and volume as demonstrated in previous 
sections.  Theoretically and experimentally, the performance of the aerofoil and skirt 
combination are significant.  From a practical perspective, there are limitations such as cost 
of materials and constructability.   
To bring the concept closer to a practical application, the symmetrical aerofoil nose and 
skirt need to be able to be retrofitted to existing bridge piers.  This could be achieved by 
constructing the symmetrical aerofoil nose in small fabricated steel sections.  The aerofoil 
sections could be fitted to the pier above the water surface level and lowered down to the 
bed level.  Subsequent aerofoil sections could be welded to the section below. Method of 
joining the aerofoil steel section to the existing pier would allow the aerofoil to translate in 
the Z direction.  As the bed level eroded, the self weight of the steel aerofoil would drop 
down onto the lowered stream bed level.  The number and height of aerofoil sections would 
be entirely dependent on required flood immunity.   
On the upstream side of the existing pier, the skirt could also be manufactured from steel 
and fitted to the pier, and lowered into place.  The lowering of the skirt to a level of -0.01D 
(Masjedi et al. 2010) below the bed level would need careful consideration and planning.  
440mm 
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The skirt would need to be able to be moved as the stream bed level adjusts and remain at a 
level of -0.01D below the bed level. 
Further research needs to be undertaken on the geometry of the aerofoil.  Symmetrical 
aerofoil piers used in experimental testing as part of this research used a aerofoil length to 
pier diameter ratio of 3.2:1.  Further testing on a small scale could reduce the length ratio. 
7. Conclusion 
Symmetrical aerofoil piers are an effective countermeasure in the reduction of local scour 
volume.  The percentage reduction in scour hole volume for the straight aerofoil and skirted 
aerofoil piers as compared to the circular pier was 26% and 40% respectively. 
The skirt on the aerofoil pier is an effective countermeasure in the reduction of local scour 
depth.  The percentage reduction in scour hole depth for the skirted aerofoil pier as 
compared to the circular pier was 27%.  The effect of the horseshoe vortex was reduced due 
to the downflow being deflected away from the base of the skirted aerofoil pier.  The 
development of the scour hole around the pier perimeter is therefore strongly influenced by 
this downflow. 
The top scour hole width of the skirted aerofoil shaped pier was 8.3% less than the circular 
pier.  The percentage reduction in distance from the upstream face of the pier to the 
upstream front outer edge of the hole as compared to the circular pier was 17.2% for the 
straight aerofoil pier and 18.1% for the skirted aerofoil pier. 
Using Equation 3.7 with the adjusted values for average depth    and average velocity    
in the flow zone obstructed by the pier to calculate equilibrium scour hole depth    gives 
reasonably accurate, but slightly conservative scour hole depths for the circular and straight 
aerofoil piers.  Equilibrium scour hole depth    prediction was 17% greater than actual 
scour hole depth for the circular pier and 14% greater for the straight aerofoil pier.   
The equation for total width of pier scour hole      as shown by  Richardson et al. (cited 
in Hamill 1999) gives a very conservative estimation of total width of pier scour.  Using the 
adjusted value of     (Equations 3.7 and 3.11) the equation gives an over estimation for 
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     of 41% for the circular pier, 37% for the straight aerofoil pier, and 18.5% for the 
skirted aerofoil pier. 
The equation for width of a pier scour hole    (Hamill 1999) measured on one side of the 
pier clearly has some limitations and does not extend to scale model piers in cohesionless 
bedding materials. 
The development of the scour hole depth demonstrates that 93% of the scour hole depth 
occurred within the first half hour of testing for the circular and straight aerofoil piers.  
Within the first half hour of testing, 72% of the scour hole depth occurred for the skirted 
aerofoil pier.  For all tested piers, the rate of scour depth and volume decreased with 
increasing time. 
The interaction between the horseshoe and wake vortices is weak downstream of the pier X 
axis for the two symmetrical aerofoil shaped piers.  Over the duration of the two aerofoil 
pier experiments, eddy shedding was not visually observed.   
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Appendix A- Specification 
University of Southern Queensland 
FACULTY OF ENGINEERING AND SURVEYING 
ENG 4111/4112 Research Project 
PROJECT SPECIFICATION 
FOR:   David Eric GIBSON 
TOPIC: EVALUATING COMPARATIVE PERFORMANCE OF 
VARIOUS SHAPED BRIDGE PIERS  BY MODELLING 
SEDIMENT BEHAVIOUR AND SCOURING EFFECTS 
USING AN AGRICULTURAL HYDRAULIC FLUME AND 
FIELD DOPPLER VELOCIMETER (FDV) 
SUPERVISORS: Joseph Foley, Malcolm Gillies 
PROJECT AIM: To investigate and analyse the scouring and sediment behaviour of 
two different aerofoil and one circular shaped scaled model bridge 
piers in cohesive soils. 
PROGRAMME: Issue A, 20
th
 March, 2010  
1. Background research and gather information on sediment behaviour, scouring 
effects, and hydraulic design of bridge piers. 
2. Gather design, hydraulic, and geotechnical data for Burke & Wills bridge 
(Innamincka Rd, Nappa Merrie, Far South West Queensland) 
3. Scope and calculate hydraulic simulation for design experiments 
4. Carry out experiments on two aerofoil and one circular shaped bridge piers. 
5. Write a MATLAB program to interpret and publish experimental data from FDV. 
6. Analyse and critically evaluate field experimental results with aerofoil and circular 
shaped piers and current published data for cohesive soils. 
7. If time permits, perform experiments on non cohesive soils and analyse how 
scouring behaviour varies between the two different soil types. 
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Appendix B – Burke and Wills Bridge Local Scour 
The Burke and Wills Bridge is located in the Bulloo Shire Council on the Innamincka Road 
at Nappa Merrie in Far South West Queensland.  The bridge is located over the Cooper 
Creek flood plain approximately 50 kilometres east of Innamincka and 330 kilometres west 
of Thargomindah. 
 
The flood that occurred in March 2010 was the fourth largest on record (since 1949), and 
the largest since the bridge was constructed in 1991.  A subsequent flood frequency 
analysis revealed the average recurrence interval for the event was 15 years.  
The maximum depth of flow recorded was 8.77m with overtopping of the bridge deck 
occurring at 8.31m.  The maximum velocity was approximated to be 2.2m/s.  The channel 
area without the bridge and approaches was approximated to be 2000m
2
.  Waterway area 
through the bridge is approximately 1430m
2
.  The flow at the bridge was approximately 
3260m
3
/s.  The reduction in the waterway area and high flow velocities resulted in local 
scouring under the bridge (Heron 2010). 
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Appendix C – Matlab Script (Velocity Contour Plots) 
%Research Project ENG4111 & ENG4112 
%Circular Pier Velocity mesh plot 100 off bed 
% co-written by David Gibson and Malcolm Gillies 
clc; 
clear all 
close all 
  
directory_name = uigetdir('','Select Data Directory') 
FileList=dir('*.csv') 
N=size(FileList,1); 
i=1; 
  
for FileCounter=1:N 
     
    [sample,time,event,x,y,z]=textread(FileList(FileCounter).name,'%f %f 
%f %f %f %f',... 
        'headerlines',2,'delimiter',','); 
    Coords=sscanf(FileList(FileCounter).name,'circ_pier_270810_y%f __x%f 
_z%f.vel.csv'); 
  
    average_vx=abs(sum(x)/length(x)); 
%     lengthy=length(y) 
    average_vy=abs(sum(y)/length(y)); 
    average_vz=abs(sum(z)/length(z)); 
    x_store(i)=Coords(2); 
    y_store(i)=Coords(1); 
    z_store(i)=Coords(3); 
    vx_store(i)=average_vx/100; 
    vy_store(i)=average_vy/100; 
    vz_store(i)=average_vz/100; 
    i=i+1; 
end 
x_store_adj=[[660,1060,960,860,760,660,1060,960,860,760,660,1060,960,860,
760,660,1060,960,860,760,1060,960,860,760,660,1000,910,860,760,660,860,76
0,660,860,760,660,860,760,660,1060,960,860,760,660,1060,960,860,760,660,1
060,960,860,760,660,1060,860,760,660,1060,860,760,660,1060,960,860,760;]]
;%adjusts for x coordinate system 
y_store_adj=y_store-213; %adjusts for probe offset distance 
xx=min(x_store_adj):max(x_store_adj); 
yy=min(y_store_adj):max(y_store_adj); 
[XI,YI]=meshgrid(xx,yy); 
data=griddata(x_store_adj',y_store_adj',vy_store',XI,YI); 
step=10 
  
contourf(XI,YI,data,step,'Linecolor','none') 
axis equal; %scales plot axes on figure 
% xlabel ('X Coordinate'); 
% ylabel ('Y Coordinate'); 
%dg=[(x_store') (y_store') (vx_store') (vy_store')]; 
  
  
 
